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gventricular septal defect (VSD) is defined as “a hole be-
tween the ventricular chambers or their remnants.”1 A
uscular ventricular septal defect is defined as “a VSD that
as exclusively muscular borders.”1 This article reviews the
pectrum of these muscular ventricular septal defects, the
hallenges they can pose, and the surgical techniques that
ave a demonstrated track record of efficacy, with special
onsideration for the following subtypes of muscular ventric-
lar septal defects: (1) midmuscular VSD or midventricular
SD, (2) inlet muscular VSD, (3) apical muscular VSD, (4)
nterior trabecular VSD or infundibular muscular VSD, and
5) multiple VSD and “Swiss-cheese” VSD.
ackground
“VSD” is a “ventricular septal defect” and is also known as
n “interventricular communication.” A VSD is defined as “a
ole between the ventricular chambers or their remnants.”1
he VSD is defined on the basis of its margins as seen from
he aspect of the morphologically right ventricle. In the set-
ing of double outlet right ventricle, the defect provides the
utflow from the morphologically left ventricle. In univen-
ricular atrioventricular connections with functionally single
eft ventricle with an outflow chamber, the communication is
eferred to by some as a bulboventricular foramen.
A muscular ventricular defect is defined as “a VSD that has
xclusively muscular borders.”1 In an era when enthusiasm
or transcatheter device closure of muscular VSDs is increas-
ngly gaining attention and popularity, it is appropriate and
mportant to review the spectrum of these defects, the chal-
enges they can pose, and the surgical techniques that have a
emonstrated track record of efficacy. This article considers
hese topics for the entire spectrum of muscular ventricular
eptal defects, a spectrum that includes the following sub-
ypes (Fig. 1)2:
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2. Inlet muscular VSD
3. Apical muscular VSD
4. Anterior trabecular VSD or infundibular muscular VSD
5. Multiple VSD and “Swiss-cheese” VSD.
his article does not discuss indications or surgical tech-
iques for banding of the pulmonary artery, a palliative strat-
gy that may be quite useful in specific situations including
ome neonates or infants with apical VSDs or multiple VSDs,
s well as small patients with familial objections to blood
ransfusions, and patients with complex associated defects.
idmuscular VSD
r Midventricular VSD
midmuscular VSD or midventricular VSD is defined as “a
uscular VSD located in the central muscular septum.”1 This
ype of VSD is perhaps the most “straightforward” of the
uscular ventricular septal defects; however, closure of this
ype of VSD can be challenging because of the possibility of
ultiple right-sided openings of a defect that is a single open-
ng on the left ventricular side. Difficulty in identifying the
ruemargins of the VSD among themultiple trabeculations of
he right side of the ventricular septum represents the main
ifficulty in closing this type of VSD. It is often necessary to
ivide some of the coarse muscular trabeculations on the
ight ventricular surface of the septum to expose the true
argins of the VSD.3-5 The coarse multiple trabeculations on
he right ventricular side of the septum, including the mod-
rator band and lower end of the septal band, can be divided
o facilitate accurate exposure of midmuscular VSDs as neces-
ary. This technique can facilitate successful closure of defects
hat may appear to bemultiple but are in fact single defects with
ore than one opening on the right ventricular side.5
Common options for closure of midmuscular VSDs in-
lude surgical closure via a right atriotomy, surgical closure
ia a right ventriculotomy, and transcatheter device closure.
hese defects can usually be approached surgically through
he right atrium using a standard right atriotomy (Fig. 2A-C).
arge defects are closed with a patch sutured to the margins
f the VSD on the right ventricular side of the septum. An
versized patch may be used to close multiple VSDs. Kita-
awa and colleagues have described “placing the patch on the
eft ventricular side of the VSD for more secure closure . . . .
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Muscular ventricular septal defects 3he sutures are brought back across the septum from the left
o the right side and secured over felt buttresses away from
he edges of the defect. The patch is held in position on the
eft side of the septum by the sutures and the higher left
entricular pressures” (Fig. 2B and C insets).5 Smaller defects
ay be closed with pledgeted horizontal mattress sutures.3
he atrioventricular node and bundle of His, as well as the
ain bundle branches of the conduction tissue, are all re-
ote from the margins of this type of VSD. Only terminal
ortions of the bundle branches may be near this VSD.3
At times, closure through a right atriotomy is difficult and
right ventriculotomy may be necessary. When a right ven-
riculotomy is performed, the VSD is first assessed through a
ight atriotomy. A vertical right ventriculotomy is then made
t least 5mm away from the left anterior descending coronary
rtery, to facilitate improved exposure of the VSD. Standard
atch closuremay be performed via the right ventriculotomy.
lternatively, an external buttress technique may be utilized
hrough a right ventriculotomy. This technique uses two
ledget strips, one inside the right ventricle and one outside
he right ventricle, which are tightly approximated with multi-
le horizontal mattress sutures that are placed from below
he defect through the anterior right ventricular free wall and
ied over the pledget strip outside the heart (Fig. 3).3
Several additional approaches to closing midmuscular
SDs have been described. A “sandwich technique” using a
atch with one side on the right ventricular surface and one
ide on the left ventricular surface has also been described
Fig. 4A-F).6-9 Bacha and colleagues have described perven-
ricular device closure of muscular ventricular septal defects
n the beating heart.10 This technique of perventricular de-
ice closure technique can be utilized for midmuscular
SDs and also muscular VSDs in other locations in the
entricular septum; we illustrate this technique in the sec-
ion about apical VSDs. Finally, nonsurgical transcatheter
evice closure of muscular ventricular septal defects has
Figure 1 This diagram depicts the location in the ventric
(inlet, trabecular, and outlet), doubly committed and ju
lar VSD, inlet muscular VSD, apical muscular VSD, a
Ant.  anterior; VSD  ventricular septal defect.een described (Fig. 5). wnlet Muscular VSD
n inlet muscular VSD is defined as “a muscular VSD located
eneath the septal leaflet of the tricuspid valve.”1 An inlet
uscular VSD is typically closed through a right atriotomy.
he surgical technique is similar to that previously described
or a midmuscular VSD (Fig. 2A-C). However, special care
ust be taken to avoid damage to the conduction tissue (Fig.
).3 In contradistinction to the more common perimembra-
ous inlet VSD, the muscular inlet VSD is surrounded by a
omplete rim of muscular tissue. The atrioventricular con-
uction axis penetrates into the ventricles on the superior (or
eftward) side of the inlet muscular VSD. This location of the
onduction tissue in relation to the inlet muscular VSD is
ompletely different from the location of the conduction tis-
ue in a perimembranous VSD or an atrioventricular canal-
ype defect. In the muscular inlet VSD, the conduction tissue
s close to the outlet aspect of the VSD, in other words, on the
urgeon’s left hand side when viewing the defect through the
ricuspid valve in a heart in situs solitus with concordant
trioventricular connections. In this location, sutures must
e placed superficially on the right ventricular side of the
entricular septum near the superior rim of the VSD. Because
f the proximity to the atrioventricular valves and conduc-
ion tissue, this type of VSD is a poor candidate for closure
ith a device, and in some cases may not be amenable to
losure with a device.
Figure 6 demonstrates a heart with both a perimembra-
ous VSD and a muscular inlet VSD approached through a
ight atriotomy and the tricuspid valve. The conduction tis-
ue is in the bridge of muscle between the two VSDs. It is
elated to the perimembranous VSD and themuscular VSD in
he usual position relative to each VSD. Because the bridge of
uscle between the two VSDs contains the conduction tissue
nd may be quite narrow, these two VSDs should be closed
ptum of the following types of VDSs: perimembranous
rial, and muscular (midmuscular VSD or midventricu-
erior trabecular VSD or infundibular muscular VSD).ular se
xta-arte
nd antith a single patch to avoid heart block.3,12 This situation
4 M.L. Jacobs and J.P. JacobsFigure 2 This diagram depicts closure of a midmuscular VSD and an anterior muscular VSD through a right atriotomy.
(A) The view through the tricuspid valve of closely related midmuscular and anterior muscular VSDs. One may
delineate themargins of the defects and improve exposure by dividing coarse right ventricular muscular trabeculations,
including the septal and moderator bands. (B) The placement of an oversized patch to close these two closely related
midmuscular and anterior muscular VSDs. The patch is cut slightly larger than the total area of VSDs. Multiple mattress
sutures are placed through the patch, and then the patch and sutures are placed across the ventricular septum and into
the left ventricle.5 (B, inset) The patch on the left ventricular side of the ventricular septum. (C) The sutures have been
brought back through the ventricular septum from the left to the right side and then passed through pledgets of felt and
tied. (C, inset) The patch is held in position on the left side of the ventricular septum by both the sutures and the higher
pressures in the left ventricle.5 Ant.  anterior; LV  left ventricle; RV  right ventricle; VSD  ventricular septal
defect.
w
c
d
p
o
d
o
b
c
A
A
c
c
t
t
p
o
a
v
i
a
t
(
l
d
t
c
s
a
d
Muscular ventricular septal defects 5herein an inlet muscular VSD and a perimembranous VSD
oexist is not analogous to the heart with multiple muscular
efects. In the heart where an inlet muscular VSD and a
erimembranous VSD coexist, closure with a single patch
ver both holes is recommended to avoid injury to the con-
uction system. In this heart, division or excision of the strip
f muscle between the inlet muscular VSD and a perimem-
ranous VSD is certain to destroy the conduction system and
reate permanent third-degree heart block.
pical Muscular VSD
n apical muscular VSD is defined as “a muscular VSD lo-
ated apically relative to the moderator band.”1 Apical mus-
ular VSDs can be technically challenging to close. Closure
hrough a right atriotomy can be especially difficult due
Figure 3 This diagram demonstrates an external buttress t
a right ventriculotomy. This technique uses two pledget
right ventricle, which are tightly approximatedwithmul
defect through the anterior right ventricular free wall ano limited exposure. Closure options include surgical ap- Vroaches through a right ventriculotomy or left ventriculot-
my, hybrid approaches with perventricular device closure,
nd transcatheter device closure.
Stellin and colleagues described surgical closure of apical
entricular septal defects through a right ventricular apical
nfundibulotomy (Fig. 7).13 Tsang and colleagues described
n alternative approach to close apical muscular VSDs
hrough a through a modified apical right ventriculotomy
Fig. 8).14 Another alternative approach is through an apical
eft ventriculotomy. Although some authors have reported
iminished left ventricular function or late aneurysm forma-
ion with this approach, the left ventricular apical approach
an be very useful.3,5,15-17 The ventriculotomy incision
hould be kept as small as possible and limited to the true
pex of the left ventricle (Fig. 9). Bacha and colleagues have
escribed perventricular device closure of apical muscular
ue that may be utilized to close muscular VSDs through
f felt, one inside the right ventricle and one outside the
rizontal mattress sutures that are placed from below the
over the pledget strip outside the heart.3echniq
strips o
tiple ho
d tiedSDs on the beating heart (Fig. 10).10
6 M.L. Jacobs and J.P. JacobsFigure 4 (A-F) This diagram demonstrates the “sandwich technique” using a patch with one side on the right ventricular
surface and one side on the left ventricular surface.6-9 (A) Two right angle clamps. One right angle clamp is passed
through the right atrium, tricuspid valve, right ventricle, and VSD. A second right angle clamp is passed through the
right atrium, patent foramen ovale, left atrium, mitral valve, left ventricle, and potentially the VSD. (B) The right angled
clamps are used to pass a loop of suture across the VSD. (C) The loop of suture in position taking the following pathway:
through the right atrium, tricuspid valve, right ventricle, VSD, left ventricle, mitral valve, left atrium, patent foramen
ovale, and right atrium. (D) The loop of suture was passed through a patch and the patch was pulled through the right
atrium, patent foramen ovale, left atrium, mitral valve, and left ventricle to sit on the left ventricular side of the
ventricular septum. (E) The suture loop has now been passed through a second patch that is slid down the loop through
the right atrium, tricuspid valve, and right ventricle to sit on the right ventricular side of the ventricular septum. (F) The
“sandwich patch” in final position. LA  left atrium; LV  left ventricle; RA  right atrium; RV  right ventricle;
VSD  ventricular septal defect.
Muscular ventricular septal defects 7Figure 5 This diagram demonstrates nonsurgical transcatheter device clo-
sure of a muscular ventricular septal defect.11 (A) A midmuscular VSD.
(B) A catheter passed through the superior vena cava, right atrium, tri-
cuspid valve, right ventricle, VSD, and left ventricle. (C) Release of the left
ventricular side of the device. (D) Release of the right ventricular side of
the device. (E) The device is completely deployed. LA left atrium; LV
left ventricle; RA  right atrium; RV  right ventricle.
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8 M.L. Jacobs and J.P. Jacobsnterior Trabecular VSD
r Infundibular Muscular VSD
n outlet muscular VSD is defined as “a muscular VSD that
pens between the septal band (septomarginal trabeculation)
nd the semilunar valve.”1 These defects include VSDs
nown as “anterior trabecular VSDs” and “infundibular mus-
ular VSDs.” This type of VSD is encountered in approxi-
ately 15 to 20% of patients with tetralogy of Fallot (TOF),3
ndmay be a secondary VSD in TOF or the only VSD in TOF.
Because of the proximity to the semilunar valves, this type
f VSD is a poor candidate for closure with a device, and in
ome casesmay not be amenable to closure with a device. The
nfundibular muscular VSD is separated from the conduction
issue inferiorly and posteriorly by the fusion of the posterior
imb of the trabecula septomarginalis with the ventriculo-
nfundibular fold (Fig. 11).3
Muscular outlet VSDs may be approached through the
ight atrium, right ventricle, or pulmonary artery. Most com-
only, they are approached through a right ventriculotomy
ith division of muscle bundles to expose the VSD. Anterior
efect exposure is sometimes facilitated by a transverse pul-
onary arteriotomy.18 These VSDs are surrounded entirely
y muscle and closed with a patch sewn to the margins of the
Figure 6 This diagram demonstrates a heart with both
exposure is through the right atrium and tricuspid val
between the two VSDs. The conduction tissue is related
the usual position relative to each VSD. Because the brid
tissue and may be quite narrow, these two VSDs shouldefect. lultiple VSD and
Swiss-Cheese” VSD
ultiple muscular VSDs represent a surgical challenge. The
erm “VSD, Type 4 (Muscular), Multiple-“Swiss-Cheese”” is
efined by the Congenital Heart Surgery Database of The
uropean Association for Cardio-Thoracic Surgery and The
ociety of Thoracic Surgeons (STS) as a heart where “more
han three muscular VSDs exist.”2 A variety of definitions
ave been used to define this entity,5,19,20 including uncount-
ble multiple VSDs.20 Nevertheless, for the purpose of these
atabases, this term is utilized if four or more muscular VSDs
xist, as defined by Serraf and colleagues.4 It is desirable to
pecify the number of orifices from both the left ventricular
nd the right ventricular aspects, because clearly, these may
e different.1
Challenges with multiple VSDs and a “Swiss-cheese” sep-
um include the risk of conduction system injury in the area
etween VSDs, and the difficulty in identifying and closing all
f the holes. A combination of any of the strategies previously
escribed may be useful for the closure of multiple VSDs and
“Swiss-cheese” septum. Occasionally, a larger oversized
atch may be used to cover multiple holes. Occasionally,
ultiple cardiac incisions may be necessary in the same op-
ration, including combined right atriotomy, right ventricu-
embranous inlet VSD and a muscular inlet VSD. The
e conduction tissue is shown in the bridge of muscle
imembranous inlet VSD and the muscular inlet VSD in
uscle between the two VSDs contains the conduction
sed with a single patch to avoid heart block.3,12a perim
ve. Th
to per
ge of m
be clootomy, and left ventriculotomy.
Muscular ventricular septal defects 9Figure 7 This figure shows closure of an apical muscular VSD through a right ventricular apical infundibulotomy as
described by Stellin and colleagues.13 (A) An apical infundibulotomy that is made parallel to the distal portion of left
anterior descending (LAD) coronary artery. (B) The exposed apical ventricular septal defect. In this diagram, and in
some cases of apical ventricular septal defects, the defect extends above and below the moderator band.13 LAD  left
anterior descending coronary artery; LV  left ventricle; RV  right ventricle.
10 M.L. Jacobs and J.P. JacobsFigure 8 This figure shows closure of an apical muscular VSD through a modified apical right ventriculotomy as
described by Tsang and colleagues.14 The patch to close the VSD is anchored to the left ventricular surface posteriorly,
and within the right ventricular surface anteriorly. (A) The anatomy in short axis. (B) The anatomy in the four-chamber
projection. Ant.  anterior; LV  left ventricle; RV  right ventricle; VSD  ventricular septal defect.
Muscular ventricular septal defects 11Figure 9 This figure shows closure of an apical muscular VSD through a left ventricular apical approach.3,5,15-17 A small
“fish-mouth”-type incision can be made at the apex of the left ventricle parallel to and away from the LAD. This allows
exposure of the VSD. LAD  left anterior descending coronary artery; LV  left ventricle; RV  right ventricle.
12 M.L. Jacobs and J.P. JacobsFigure 10 (A-D) This figure shows closure of multiple muscular VSDs with perventricular placement of a device on a
beating heart as described by Bacha and colleagues.10 (A) Multiple muscular VSDs with a wire across the largest VSD.
In (B), the wire is positioned across the largest defect, and the sheath is positioned with its tip in the left ventricular
cavity. The device is then pushed in and deployed by slowly pulling the sheath back. (C) Release of the left ventricular
side of the device. (D) The device is completely deployed. VSD  ventricular septal defect.
Muscular ventricular septal defects 13Figure 11 This figure shows an outlet muscular VSD, which is defined as “a muscular VSD that opens between the septal
band (septomarginal trabeculation) and the semilunar valve.”1 These defects include VSDs, known as “anterior trabec-
ular VSDs” and “infundibular muscular VSDs.” This type of VSD is in close proximity to the ventriculo-arterial valves.
The infundibular muscular VSD is separated from the conduction tissue inferiorly and posteriorly by the fusion of the
posterior limb of the trabecula septomarginalis with the ventriculo-infundibular fold.3 PA pulmonary artery; TV
tricuspid valve.
14 M.L. Jacobs and J.P. JacobsFigure 12 A preoperatively placed cardiac catheter can allow accurate localization of muscular VSDs and especially
apical muscular VSDs. The approach can improve visualization of the VSD from the right side of the heart and also
minimize the size of the ventriculotomy required for satisfactory closure. This drawing shows the catheter, which had
been placed retrograde from the aorta through the apical ventricular septal defect into the right side of the heart. The
arrows represent the direction of passage of the catheter.21 LA  left atrium; LV  left ventricle; MV  mitral valve;
RA  right atrium; RV  right ventricle; TV  tricuspid valve; VSD  ventricular septal defect.
Muscular ventricular septal defects 15Figure 13 This drawing shows the technique described by the team from Toronto named “transatrial re-endocardial-
ization” to close multiple muscular ventricular septal defects. (A) The preoperative appearance of a heart with multiple
ventricular septal defects, including multiple muscular defects involving the midmuscular, apical, and anterior com-
partments. (B) The re-endocardialization strategy used on smaller VSDs that uses a “double-layer suturing of septal
trabeculations to each other with fine, superficial, endocardial running sutures.” (C) The patch closure of a larger
midmuscular VSD. (D) Complete obliteration of ventricular septum with patch repair of the large midmuscular VSD
and re-endocardialization sutures to obliterate completely all of the remaining VSDs. VSD ventricular septal defect.
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16 M.L. Jacobs and J.P. JacobsA preoperatively placed cardiac catheter can allow ac-
urate localization of muscular VSDs and especially apical
uscular VSDs. The approach can improve visualization of
he VSD from the right side of the heart and alsominimize the
ize of the ventriculotomy required for satisfactory closure
Fig. 12).21 This strategy, as well as the sandwich technique
reviously described, may both be used to facilitate hybrid
ntraoperative device deployment.
Multiple apical VSDs can be treated by apical exclusion
sing the “septal obliteration technique,” where a patch is
ewn in position to exclude a portion of the right ventricular
pex from the remainder of the right ventricular cavity. This
echnique creates a “noncommunicating” left-to-right ven-
ricular shunt at the “blind-ending” neoapical chamber that is
eparated from the remainder of the right ventricle by the
atch of the “septal obliteration technique.”22
Finally, the team from Toronto has described a technique
amed “transatrial re-endocardialization” to close multiple
uscular ventricular septal defects. Exposure is through a
ight atriotomy, although anterior defect exposure was some-
imes facilitated by a transverse pulmonary arteriotomy. A
entriculotomy was not used to access the VSDs unless it was
equired for repair of associated defects. Identification of
uscular VSDs was done by gentle probing of trabeculations
ith a right angle clamp to delineate a connection with the
eft ventricle. Probing was also done through a perimembra-
ous VSD or through the interatrial septum, to help com-
able 1 Incidence of the Various Subtypes of VSD
VSD Type Number
Percent
of
All VSD
SD, Single 482 10.1
SD, Type 1 (Subarterial)
(Supracristal) (Conal septal defect)
(Infundibular)
358 7.5
SD, Type 2 (Perimembranous)
(Paramembranous) (Conoventricular)
3330 70.1
SD, Type 3 (Inlet) (AV canal type) 142 3.0
SD, Type 4 (Muscular) 185 3.9
SD, Type: Gerbode type (LV-RA
communication)
16 0.3
SD, Multiple 239 5.0
ll VSD 4752 100.0
V, atrioventricular; LV, left ventricle; RA, right atrium; VSD, ven-
tricular septal defect.
able 2 Bypass Time and Outcome Data for the Various Sub
VSD Type
SD, Single
SD, Type 1 (Subarterial) (Supracristal) (Conal septal defec
(Infundibular)
SD, Type 2 (Perimembranous) (Paramembranous)
(Conoventricular)
SD, Type 3 (Inlet) (AV canal type)
SD, Type 4 (Muscular)
SD, Type: Gerbode type (LV-RA communication)
SD, MultipleV, atrioventricular; CPB, cardiopulmonary bypass; LV, left ventricle; RA,letely identify all muscular VSDs. Large VSDs were closed
ith patches. Multiple smaller VSDs were closed with transa-
rial re-endocardialization, using “6-0 or 7-0 polypropylene
utures with a BV1 or BV175 needle (Ethicon, Inc, Somer-
ille, NJ) (Fig. 13). The septal trabeculations were approxi-
ated in two layers of superficial, endocardial running su-
ures. Each suture was started at the distal edge of a
rabeculation and run in a double-layer, simple, continuous
ashion to the other end of the trabeculation, where they were
ied . . . . It was sometimes possible to close multiple trabe-
ulations with the same suture.”18
iscussion
n the STS Congenital Heart Surgery Database, during the
-year time period of 2005 through 2008 inclusive, 75,087
perations were analyzed.23 Of these 75,087 operations,
752 were classified as having VSD repair as their primary
rocedure. Table 1 shows the incidence of the various sub-
ypes of VSD that compose these 4752 operations.
Table 2 shows cardiopulmonary bypass time in minutes,
s well as the rates of heart block, unplanned reoperation
rior to hospital discharge, and discharge mortality, for the
arious subtypes of VSD.
These data from the STS Congenital Heart Surgery Data-
ase demonstrate the following concepts:
1. Multiple VSDs take longer to close.
2. When compared with the more common perimembra-
nous VSD, the rate of heart block is three times higher
with muscular VSDs and multiple VSDs.
3. When compared with the more common perimembra-
nous VSD, the rate of unplanned reoperation is over
four times higher withmuscular VSDs and almost twice
as high with multiple VSDs.
4. When compared with the more common perimembra-
nous VSD, the rate of mortality before discharge from
the hospital is over twice as high with muscular VSDs
and over three times as high with multiple VSDs.
n summary, the surgical management of muscular VSDs and
ultiple VSDs is a challenging area. These operations are
ssociated with increased mortality and morbidity in com-
arison to closure of the more common perimembranous
SD. Congenital heart surgeons must be aware of a variety of
echniques that are available to close muscular VSDs. The
of VSD
CPB Time
(min)
Heart
Block
Unplanned
Reoperation
Discharge
Mortality
72.8 1.7% 2.5% 0.8%
72.7 0.6% 2.2% 0.6%
75 0.9% 1.3% 0.5%
90.8 3.5% 2.8% 1.4%
79.9 2.7% 4.3% 1.1%
67.9 0.0% 0.0% 0.0%
111.2 2.9% 2.5% 1.7%types
t)right atrium; VSD, ventricular septal defect.
c
c
R
1
1
1
1
1
1
1
1
1
1
2
2
2
2
Muscular ventricular septal defects 17hoice of the appropriate technique(s) is critical to the suc-
ess of the surgical exercise.
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